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Aquaculture is the fastest growing primary industry worldwide. Marine finfish culture in
open ocean net pens, or pontoons, is one of the largest growth areas and is currently
the only way to rear high value fish such as bluefin tuna. Ranching involves catching
wild juveniles, stocking in floating net pens and fattening for 4 to 8 months. Tuna
experience several parasite-induced disease challenges in culture that can be mitigated
by application of praziquantel (PZQ) as a therapeutic. In this study, we characterized
the microbiome of ranched southern Bluefin Tuna, Thunnus maccoyii, across four
anatomic sites (gill, skin, digesta, and anterior kidney) and evaluated environmental
and pathological factors that influence microbiome composition, including the impact
of PZQ treatment on microbiome stability. Southern bluefin tuna gill, skin, and digesta
microbiome communities are unique and potentially influenced by husbandry practices,
location of pontoon growout pens, and treatment with the antiparasitic PZQ. There
was no significant relationship between the fish mucosal microbiome and incidence or
abundance of adult blood fluke in the heart or fluke egg density in the gill. An enhanced
understanding of microbiome diversity and function in high-value farmed fish species
such as bluefin tuna is needed to optimize fish health and improve aquaculture yield.
Comparison of the bluefin tuna microbiome to other fish species, including Seriola lalandi
(yellowtail kingfish), a common farmed species from Australia, and Scomber japonicus
(Pacific mackerel), a wild caught Scombrid relative of tuna, showed the two Scombrids
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had more similar microbial communities compared to other families. The finding that
mucosal microbial communities are more similar in phylogenetically related fish species
exposes an opportunity to develop mackerel as a model for tuna microbiome and
parasite research.
Keywords: aquaculture, mucosal microbiome, tuna, phylosymbiosis, parasite, praziquantel, Southern Bluefin
Tuna, microbiome
INTRODUCTION
Bluefin tuna is one of the highest value fish in the world. In
2014, the three species of bluefin including Atlantic Bluefin
Tuna (ABT), Pacific Bluefin Tuna (PBT), and Southern Bluefin
Tuna (SBT) had a combined total value of USD $610–660
million for fishers with a total value of USD $2–2.5 billion at
final sale (Macfadyen, 2016). To meet high demands, bluefin
tunas are ranched in open ocean net pens, or pontoons, which
currently represents approximately 20% of total global bluefin
production. In Australia, the SBT wild-caught fishery began
in 1949 (Serventy, 1956), peaking in 1982 at an annual catch
of 21,000 tons (Geen and Nayar, 1989); after this peak catch
restrictions were imposed on the fishery. Ranching of SBT
involves the collection and transfer of wild juvenile tuna into
static pontoon enclosures where they are reared and fattened
for up to 8 months. Over this period tuna are fed whole
baitfish, which results in a near doubling of fish biomass.
Ranching began in Port Lincoln Australia in 1990 and in 2017–
2018 had an annual production value of AUD$166 million
(François et al., 2010; Ellis and Kiessling, 2016; EconSearch,
2019). One of the primary challenges to promoting and ensuring
long term success of the industry is to maintain and improve
fish health.
When cultured in open ocean pontoons, fish are exposed
to free-living microbes, including opportunistic pathogens and
infectious parasites (Nowak, 2007). Several parasites have
been identified in ranched SBT including Miamiensis avidus
(scuticociliate), Caligus sp. (copepod “sea lice”), Cardicola spp.
(blood flukes), and Hexostoma thynni (gill fluke) (Nowak et al.,
2003). Digenean blood flukes, specifically Cardicola spp., infect
all three species of bluefin tuna during ranching which can
lead to morbidities and mortalities causing significant losses
for producers (Balli et al., 2016; Ellis and Kiessling, 2016).
Among the most destructive parasites for SBT are blood flukes
that include two species, Cardicola forsteri and C. orientalis
(Cribb et al., 2000; Colquitt et al., 2001). In captivity, infections
peak approximately 2 months post-relocation to pontoons with
SBT having on average 27 flukes per fish (Aiken et al., 2006).
Blood flukes produce eggs which are deposited in the gills
(up to 9 million eggs per individual) resulting in morbidity
and mortality (Colquitt et al., 2001; Bullard and Overstreet,
2002; Shirakashi et al., 2012b). Currently, praziquantel (PZQ) is
the only therapeutic used to treat C. forsteri and C. orientalis
infections. PZQ is administered orally through feeds by injecting
75–150 mg/kg body weight into sardines which are then fed to
SBT (Hardy-Smith et al., 2012). Treatment with PZQ (15 mg/kg
body weight) has a positive impact on adults SBT health
by eradicating adult flukes and has shown to be effective in
PBT juveniles as well (Shirakashi et al., 2012a). Lower doses
(3.75–7.5 mg/kg) have also shown positive effects for adult
fluke eradication with organ elimination after 24 h (Ishimaru
et al., 2013). In addition to therapeutic treatments, pontoon
location and alterations to husbandry practices, such as ranching
at greater depths, can also lower infection outcomes with a
combined impact of decreasing mortalities from 15 to <1%
(Kirchhoff et al., 2011).
Marine fish harbor specialized microbiomes within the gill,
skin, and gastrointestinal tract that are distinct from the
surrounding seawater and influenced by environmental variables
(Minich et al., 2019a). These microbial communities play
important roles in mucosal barrier defenses to protect against
pathogen invasion and maintain host health. Manipulation
and optimization of the microbiome of farmed fish through
prebiotic, probiotic, or synbiotic interventions are active areas
of research to promote fish health and resilience (Gomez et al.,
2013; Kelly and Salinas, 2017). Understanding how the fish
mucosal microbiome is impacted by the environment and
pathological status of the host, e.g., parasite infection load, is
largely unknown yet may be important for the development
of therapeutics and/or diagnostics (Li et al., 2016). Secondary
infections with bacteria or viruses can also be enhanced during
parasitic infections but little is known about blood flukes
specifically (Kumon et al., 2002; Boxaspen, 2006; Lhorente et al.,
2014; Novak et al., 2016). Since blood fluke egg deposition
in the gills leads to pathology and respiratory problems,
evaluating microbiome changes between infected and non-
infected individuals may reveal dysbiosis signatures that further
influence host health. Moreover, the presence of a parasite
infection itself may lead to changes in the mucosal bacteria
communities of the fish which could, in turn, be used to predict,
diagnose, and monitor parasite infections. In Atlantic salmon,
skin infections by sea lice resulted in decreased richness of skin
bacteria which was further driven by an enrichment of potential
pathogenic microbes including Vibrio spp., Pseudomonas spp.,
and Tenacibaculum spp. (Llewellyn et al., 2017). Understanding
the mechanisms and interactions between infection, treatment,
host response, and the microbiome, the collective “pathobiome”
(Bass et al., 2019), are thus important for reducing the impact
of infections.
In this study, ranched SBT were sampled to characterize
the microbial diversity associated with mucosal body sites,
including gill, skin, and gut, providing the first assessment
of microbiome diversity in this ecologically and commercially
important fish species. PZQ treatment has previously been
shown to reduce Cardicola spp. parasite egg abundances in
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the gills (Power et al., 2019). To better establish the impact
of antiparasitic treatment on microbiome composition, we
analyzed mucosal microbiome composition as a function of
parasite infection and PZQ treatment. We hypothesized that
prevalence of Cardicola eggs in the gill would correspond to
an altered microbial community. In addition, we hypothesized
that among the body sites evaluated, the gastrointestinal tract
would have the highest probability of being impacted by
the oral treatment of PZQ delivered through feeds. During
the course of a harvest event, a total of 65 SBT across
six different pontoons from five spatially separate companies
were sampled. Assessment of blood fluke prevalence, gill
egg densities, and fish biometrics (length and weight) were
collected and analyzed with respect to mucosal microbiome
composition. Lastly, we compare the mucosal microbiome of
SBT to another Scombrid species to evaluate its utility as a
possible model organism for marine fish microbiome studies.
A meta-analysis of the SBT microbiome compared to two other
commercially important fish species suggests the Pacific chub
mackerel, Scomber japonicus, may be a suitable model to study
microbiome dynamics in marine aquaculture species, including
bluefin tuna.
MATERIALS AND METHODS
Experimental Animals and Sampling
Southern Bluefin Tuna “SBT,” Thunnus maccoyii, reared in ocean
pontoons (also known as ranching) in Port Lincoln, Australia,
were opportunistically sampled during a harvest event from
July 10 to 20 2018. A total of 65 fish were sampled across
six pens from five total companies. Between 9 and 12 fish
were sampled from each pen. Fish were measured for total
length (mm) and mass (grams) and Fulton’s condition factor “K-
factor” was calculated (Fulton, 1904; Froese, 2006). Fish (n = 45)
from four of the six pens were treated with the antiparasitic
drug, anthelmintic drug praziquantel (PZQ) orally (injected into
baitfish) at a dose of 30 mg/kg bodyweight 4–5 weeks after
transfer to pontoons in a single treatment over 2 consecutive
days by the prescribing veterinarian (APVMA Permit Number-
Per 85738) (Power et al., 2019) while fish in the other two
pens did not get treated with PZQ (n = 20). Presence of adult
flukes in heart and egg densities within the gill were measured
per fish as previously described (Aiken et al., 2006; Power
et al., 2019). Comparison of the SBT microbiome to other
fish samples, including Pacific chub mackerel (MKL) (Minich
et al., 2020b) and yellowtail kingfish (YTK), was performed
computationally within Qiita (Gonzalez et al., 2018). All MKL
samples were collected from the wild while the YTK were
farmed. Details for fish sample collections are listed in the meta-
analysis section below.
Microbiome Assessment
Southern Bluefin Tuna microbiome samples were collected from
four body sites (gill, skin, digesta, and anterior kidney) from
each of the 65 fish for a total of 260 samples. Gill and skin
communities were collected by swabbing approximately 25 cm2
surface area using wooden shaft cotton swabs. For digesta and
anterior kidney samples, approximately 100 mg of fecal matter
or tissue was collected with a swab and placed in a 1.5 ml
tube. To preserve microbiome integrity, all microbiome samples
were stored in 95% ethanol for 4–6 h at room temperature
while on the boat and then later transferred to a −20◦C freezer
where samples were stored until DNA extraction (approximately
2 weeks later). We chose 95% ethanol over RNAlater because
it has a superior performance in preservation of microbiome
integrity, meaning there is the least bias when using 95%
ethanol (Song et al., 2016). In addition 95% ethanol is readily
available globally and has been demonstrated to successfully
store samples for both bacteria (Vogtmann et al., 2017; Knight
et al., 2018) and viruses while not interfering with the extraction
(Minich et al., 2020a).
Molecular methods outlined in the Earth Microbiome
Project (earthmicrobiome.org) were used to process samples.
Specifically, swabs of either gill, skin, or digesta stored in 95%
ethanol were transferred to a 2 ml bead beating tube at the
beginning of DNA extraction. Numerous large scale studies have
shown that direct extraction of swab heads are an effective way
to collect and process microbiome samples (Thompson et al.,
2017; McDonald et al., 2018). DNA was extracted in single tubes
to avoid well-to-well contamination (Minich et al., 2019b) using
the MoBio PowerSoil kit. Multiple titration replicates of 10-fold
serial dilutions of positive controls (n = 21) (Escherichia coli)
were included to enable detection of background contaminates
and determine the limit of detection of the method using the
Katharoseq method (Minich et al., 2018b,c). Miniaturized (5 ul)
PCR reactions were used to amplify genomic DNA (200 nl)
(Minich et al., 2018a) using 16S rRNA V4 515/806 EMP primers
(Parada et al., 2016; Walters et al., 2016). Equal volumes of
amplicons (1 ul) were pooled across samples and processed
through the Qiagen PCR cleanup kit and then sequenced on a
MiSeq 2× 250 bp run (Caporaso et al., 2012). Sequencing analysis
was performed using QIIME 2 (Bolyen et al., 2019, 2) and Qiita
(Gonzalez et al., 2018).
Statistics and Meta-Analysis
Samples were trimmed to 150 bp and then demultiplexed and
processed through the deblur (Amir et al., 2017) pipeline to
generate unique sOTUs (sub-Operational Taxonomic Units)
also referred to as ASVs (Amplified Sequence Variants). We use
sOTUs terminology here. Samples were rarified to 1000 reads
as determined by Katharoseq cutoff. All downstream analyses
were performed using the rarified biom table. Two sOTUs
were removed from the dataset. The first was the sample used
as a positive control (Enterobacteriaceae: TACGGAGGGTGC
AAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAG
GCGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAAC
CTGGGAACTGCATCTGATACTGGCAAGCTTGAGTCTCGT
AGAGGGGGGTAGAATTCCAGG) and the second was
a known PCR mastermix contaminant (Eisenhofer et al.,
2018) (Pseudomonas veronii: TACAGAGGGTGCAAGCGTTAA
TCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGT
TAAGTTGGATGTGAAATC CCCGGGCTCAACCTGGGAACT
GCATTCAAAACTGACTGA CTAGAGTATGGTAGAGGGTGG
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TGGAATTTCCTG) which we observe disproportionally in low
biomass positive controls. The sOTU table was annotated using
both Greengenes and the SILVA SSU 1.2.11 database using
a minimum identity with query sequence (0.9) and default
parameters 10 neighbors per query sequence (Supplementary
Table S1; McDonald et al., 2012; Quast et al., 2013; Yilmaz
et al., 2014). While both annotations are included in the table
(Supplementary Table S1), the Greengenes annotation is used
for subsequent analyses and visualizations. Alpha diversity
was calculated using richness (total unique sOTUs), Shannon
evenness, and Faith’s Phylogenetic diversity (Shannon, 1948;
Whittaker, 1972; Faith, 1992). Alpha diversity comparisons
were calculated using non-parametric (Kruskal and Wallis,
1952) test with multiple comparisons done using Benjamini-
Hochberg correction with a 0.05 FDR cutoff (Benjamini and
Hochberg, 1995). Pairwise comparisons were performed using
a non-parametric Mann-Whitney test (Mann and Whitney,
1947). Statistical comparisons were performed within PRISM
8.0. Beta diversity was calculated using both weighted and
unweighted UniFrac distances (Lozupone and Knight, 2005;
Lozupone et al., 2010). To test which metadata categories
or variables were associated with beta diversity, multivariate
statistical testing was done using ADONIS which is a modified
version of PERMANOVA (Anderson, 2001). Specifically, the
following categorical variables were assessed for their impact on
the microbiome: sample type, company, and PZQ treatment.
Following those results, body sites were independently assessed
for the impacts of PZQ treatment, company, parasite eggs in gill,
parasite flukes in heart, tuna condition factor, tuna length, and
tuna mass. Differentially abundance measures were calculated
within Calour using the rank mean DS-FDR function to compare
two groups with a 0.1 FDR (Jiang et al., 2017; Xu et al., 2019).
A metanalysis was performed to test the hypothesis that
phylogenetically related fish species have greater similarity in
microbial community composition. To enable this comparison,
we used publicly available datasets in Qiita (Gonzalez et al.,
2018). Both alpha and beta diversity were compared. Note, only
datasets which used the Earth Microbiome Project standardized
protocols (same extraction and primer set) were used in the
comparison as both DNA extraction and primer choice lead
to biases in analyses (Brooks et al., 2015; Fouhy et al., 2016).
To do this analysis, publicly available microbiome data from
gill, skin, and digesta microbiomes of Pacific chub mackerel
(MKL), Scomber japonicus, (Qiita ID 11721, ERP2664334) and
yellowtail kingfish (YTK), Seriola lalandi, were combined with
SBT using the Qiita database. Mackerel samples were wild fish
sampled throughout 2017 caught off the Scripps Institution of
Oceanography Pier in the Eastern Pacific Ocean, San Diego. The
yellowtail kingfish was sampled from pontoons in the Western
Pacific Ocean, NSW Australia. Mackerel are phylogenetically
closer to SBT in the Scombridae family (mackerels, bonitos,
and tunas) (Collette and Nauen, 1983; Collette et al., 2001),
whereas yellowtail are within the Carangidae family (jacks
and pompanos) (Swart et al., 2015). For specimens collected
in this study, YTK are however similar to SBT in terms of
trophic level, geographic location of sampling, and farmed rather
than wild caught.
RESULTS
Sampling Design and Results
Southern Bluefin Tuna were sampled during annual harvest
across 10 days (July 10 2018 to July 20 2018) in Port Lincoln,
Australia. A total of six pens were sampled among five different
companies (Figure 1a). Two of the pens (n = 20 fish) were
not treated with the anthelmintic praziquantel (PZQ) while the
other four pens (n = 45 fish) were treated. Four anatomical sites
were sampled for microbiome analysis (Figure 1b) including
gill, skin, digesta, and anterior kidney. Fish biometrics including
fork length (mm), mass (grams), and condition factor “K-factor”
were measured for 62 fish whereas data from three fish from
July 15th (host_subject_ID: SBT_51, SBT_57, and SBT_58) were
not recorded (Figure 1). Tuna ranged in length from 920 to
1180 mm with a median length of 1070 mm (Figure 1c). Tuna
ranged in mass from 16200 to 35000 grams with a median
mass of 25950 grams (Figure 1d). The K-factor ranged from
1.81 to 2.73 with a median of 2.10 (Figure 1e). Blood fluke
counts and parasite egg counts in the gill were recorded for
all 65 fish. Blood fluke counts ranged from 0 (30 fish) to 6
with a median and mean intensity of 1 (Figure 1f). Parasite
egg counts in the gill ranged from 0 (4 out of 65) to 3.94, with
a median of 0.45 and mean intensity of 0.846 eggs per mm
filament (Figure 1g).
Microbiome Analysis
A total of 260 host-associated SBT microbiome samples were
processed through the pipeline from 65 unique fish across four
body sites including gill, skin, digesta, and anterior kidney.
In addition, 21 positive controls were included to determine
the limit of detection of the pipeline. After applying the
Katharoseq formula, the limit of detection of the pipeline,
where 50% of the reads of a positive control map to the
known control, was 168 reads. When the 90% threshold is
applied, as recommended by the Katharoseq method, the limit
of detection was 405 reads indicating that any samples with at
least 405 reads could be included (Supplementary Figure S1).
To be conservative on read depth, we included samples with
at least 1000 reads and thus rarified to 1000 reads. At this
sequencing depth, a total of 98 samples out of the 260 passed
QC (Table 1). The majority (93.8%) of anterior kidney samples
failed and thus were excluded from downstream analyses due
to low successful sample size. A final table of 94 samples
with 794 unique sOTU features was annotated (Supplementary
Table S1). The Good’s coverage analysis demonstrated that we
were capturing the majority of microbial diversity even with
just 1000 reads as the median values for gill, skin, and digesta
were 0.997, 0.994, and 0.997, respectively (Supplementary
Figure S2). Digesta samples had the highest success rate
(38 out of 65) followed by skin (33 out of 65) and gill
(23 out of 65).
The microbiomes of the three body sites were compared
across the fish. For alpha diversity measures, richness differed
across body sites (P = 0.0243, KW = 7.435) with gill and skin
communities having a higher richness than digesta (P < 0.05)
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FIGURE 1 | Sampling design of ranched SBT from Port Lincoln, Australia. (a) Fish were sampled from a total of six pens spanning five companies. (b) Upon harvest,
four body sites were sampled and stored in 95% EtOH for the microbiome including the gill, skin, digesta (hindgut), and anterior kidney. Fish biometrics across all
samples collected for (c) fork length (mm: median, IQR), (d) mass (grams: median, IQR), and (e) calculated condition factor (median, IQR). Blood fluke parasite
counts from (f) heart (flukes per heart: median, IQR), and (g) gill (eggs per mm gill filament: median, IQR).
(Figure 2A). Shannon diversity differences across body sites
was even stronger (P < 0.0001, KW = 29.97) with both
gill and skin having higher evenness than digesta samples
(P < 0.0001) (Figure 2B). However, phylogenetic diversity did
not differ across body sites (Figure 2C). Upon comparing beta
diversity, samples were most strongly influenced by body site
location for both Unweighted UniFrac (Figure 2D) (Adonis:
P = 0.001, F = 5.731, R2 = 0.112) and Weighted UniFrac
(Figure 2E) (P = 0.001, F = 13.065, R2 = 0.223) (Table 2).
Microbes sampled from the SBT mucosal sites represented
20 different phyla, with digesta being enriched in Tenericutes
and Spirochaetes relative to other phyla (Figure 2F). At the
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TABLE 1 | Experimental design: microbiome sampling success of Southern Bluefin Tuna.
Pen Company Collection_date PZQ Fish (n) Body_sites mb_total mb_success
1 A 7/10/18 Treatment 11 Gill 11 6
Treatment Skin 11 4
Treatment Digesta 11 4
Treatment Head kidney 11 0
2 B 7/11/18 Treatment 11 Gill 11 3
Treatment Skin 11 0
Treatment Digesta 11 8
Treatment Head kidney 11 1
3 C 7/12/18 Treatment 11 Gill 11 3
Treatment Skin 11 9
Treatment Digesta 11 5
Treatment Head kidney 11 0
4 D 7/13/18 Treatment 12 Gill 12 6
Treatment Skin 12 10
Treatment Digesta 12 6
Treatment Head kidney 12 0
5 E 7/15/18 No-treatment 9 Gill 9 4
No-treatment Skin 9 3
No-treatment Digesta 9 7
No-treatment Head kidney 9 1
6 E 7/20/18 No-treatment 11 Gill 11 1
No-treatment Skin 11 7
No-treatment Digesta 11 8
No-treatment Head kidney 11 2
Total fish 65 Total mb 260 98
PZQ treatment Gill 18
PZQ no-treatment 5
PZQ treatment Skin 23
PZQ no-treatment 10
PZQ treatment Digesta 23
PZQ no-treatment 15
mb - indicates microbiome sample.
order level, the Tenericutes were primarily Mycoplasmatales. The
Spirochaetes were primarily Brevinematales. Both the Vibrionales
and Pseudomonadales were also prevalent across digesta samples
within the Gammaproteobacteria (Supplementary Figure S3).
Skin and gill microbes were enriched in Proteobacteria,
Cyanobacteria, Firmicutes, and Bacteroidetes relative to other
phyla (Figure 2F). Skin and gill samples were primarily enriched
in Vibrionales and Pseudomonadales (Supplementary Figure S3).
Microbiome variation among body sites was strongest with
Weighted UniFrac. Company (geographic location) and PZQ
treatment was also significant but less so than body site variation
(Table 2). Subsequent analyses were therefore performed on each
body site independently (Table 2).
Praziquantel Treatment and the
Microbiome
The impact of PZQ treatment on the microbiome was evaluated
using alpha and beta diversity measures. Treatment with PZQ
resulted in digesta samples having lower microbial richness
(Mann-Whitney: P = 0.025, U = 98) (Figure 3A), Shannon
evenness (Mann-Whitney: P = 0.0328, U = 101) (Figure 3B),
and phylogenetic diversity (Mann-Whitney: P = 0.003, U = 76)
(Figure 3C). Although not significant, likely due to low sample
size, all measures of microbial diversity in the gill were lower
when fish were treated with PZQ. To determine if particular
sOTUs were associated with PZQ treatment in the various body
sites, we applied the rank mean DS-FDR method for each
body site comparing samples which were either treated or not
treated with PZQ. From the skin comparison, a sOTU within the
Mycoplasmataceae family (Tenericute phyla) was more enriched
in skin samples of fish which did not get treated with PZQ
(Figure 3D). For digesta samples, a total of 8 sOTUs were
also associated or enriched in fish which were PZQ naïve. This
included two Pseudomonas sOTUs, two Acinetobacter sOTUs,
Brevundimonas, Delfita, and a sOTU within the Brevinemataceae
family (Figure 3E). All sOTUs classifications were verified
with both Greengenes and SILVA databases. The Greengenes
Brevinemataceae annotated sOTU was “unclassified” in the
SILVA database, with the closest phylogenetic similarity to
uncultured Spirochaetes sampled from fish guts, identified from
a BLAST search (DQ340184.1, HE586962.1).
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TABLE 2 | Beta diversity associations with tuna rearing condition or phenotype (adonis 999 permutations).
UniFrac Grouping Body_site n Treatment Df F. model R2 P
Unweighted Full-dataset 93 Comp 4 2.1851 0.08943 0.001
93 prazy_treatment 1 2.4757 0.0262 0.002
93 sample_type2 2 5.7308 0.11186 0.001
Gill 22 prazy_treatment 1 1.5394 0.0683 0.048
22 comp 4 1.1443 0.20274 0.161
22 sbt_fluke_eggs_in_gill 20 1.0144 0.91026 0.463
22 sbt_heart_flukes_count 5 0.91684 0.21239 0.714
22 host_body_mass_index 21 1.5932 0.97098 0.064
22 host_weight_grams 19 1.3644 0.89628 0.045
22 host_height_mm 12 0.98172 0.54088 0.553
Skin 32 prazy_treatment 1 1.7264 0.05275 0.075
32 comp 3 2.406 0.19929 0.001
32 sbt_fluke_eggs_in_gill 27 0.89616 0.82875 0.698
32 sbt_heart_flukes_count 2 0.84129 0.05311 0.682
32 host_body_mass_index 31 3.3818 0.99055 0.065
32 host_weight_grams 27 1.2918 0.87462 0.119
32 host_height_mm 17 1.4676 0.62452 0.008
Digesta 37 prazy_treatment 1 2.8504 0.07337 0.001
37 comp 4 1.9966 0.19486 0.001
37 sbt_fluke_eggs_in_gill 31 1.052 0.84461 0.374
37 sbt_heart_flukes_count 3 0.68854 0.05727 0.962
37 host_body_mass_index 35 1.4564 0.96225 0.099
37 host_weight_grams 30 0.92761 0.79901 0.709
37 host_height_mm 16 1.008 0.43439 0.472
Weighted Full-dataset Gill, skin, digesta 93 comp 4 2.459 0.09952 0.001
93 prazy_treatment 1 3.4969 0.03662 0.005
93 sample_type2 2 13.065 0.22309 0.001
Gill 22 prazy_treatment 1 2.3018 0.09878 0.017
22 comp 4 1.427 0.24077 0.074
22 sbt_fluke_eggs_in_gill 20 1.9204 0.9505 0.089
22 sbt_heart_flukes_count 5 1.2696 0.27189 0.229
22 host_body_mass_index 21 0.60888 0.92747 0.887
22 host_weight_grams 19 1.2531 0.8881 0.294
22 host_height_mm 12 0.7302 0.46702 0.919
Skin 32 prazy_treatment 1 2.9904 0.08798 0.016
32 comp 3 4.1121 0.29844 0.001
32 sbt_fluke_eggs_in_gill 27 1.1283 0.85901 0.405
32 sbt_heart_flukes_count 2 1.8973 0.11229 0.054
32 host_body_mass_index 31 32.779 0.99902 0.084
32 host_weight_grams 27 1.4338 0.88561 0.257
32 host_height_mm 17 1.1142 0.55806 0.343
Digesta 37 prazy_treatment 1 1.7085 0.04531 0.142
37 comp 4 1.4055 0.14556 0.148
37 sbt_fluke_eggs_in_gill 31 0.92329 0.8267 0.618
37 sbt_heart_flukes_count 3 1.4708 0.11487 0.127
37 host_body_mass_index 35 3.6597 0.98463 0.035
37 host_weight_grams 30 1.0191 0.81369 0.446
37 host_height_mm 16 1.1161 0.45957 0.288
Cross Species Microbiome Comparison
To understand the SBT microbiome in relation to other fish
species, we performed a metanalysis comparing the SBT mucosal
microbiome to a geographically (Australia) and trophically
similar (tertiary carnivore) fish species, yellowtail kingfish (YTK),
Seriola lalandi (also farmed), and a phylogenetically similar
yet geographically and trophically dissimilar fish Pacific chub
mackerel (MKL), Scomber japonicus (from the wild). Both MKL
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FIGURE 2 | 16S rRNA microbial diversity across mucosal sites in SBT. Alpha diversity measures across mucosal sites reported for (A) richness, (B) Shannon, and
(C) Faith’s Phylogenetic Diversity (median, IQR) [Kruskal-Wallis grouped test with test statistic]. Beta diversity measures of SBT colored by body site (red-gill,
blue-skin, brown-digesta): (D) Unweighted UniFrac and (E) Weighted UniFrac. (F) Phylum-level summary organized across body sites and normalized to 10,000
reads for heatmap visualization (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
and SBT are within the same family, Scombridae (tunas, mackerel,
and bonito). The gill, skin, and digesta samples were similarly
sampled across all species by the same researcher and further
processed using the same molecular methods. Wild S. japonicus
were sampled from the Eastern Pacific Ocean in San Diego
CA as part of a fish microbiome time series study (Minich
et al., 2019a). To verify that 1000 reads was sufficient to
interpret and make conclusions from the data, we also compared
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FIGURE 3 | Association of PZQ treatment on alpha diversity measures across mucosal sites: (A) richness, (B) Shannon, and (C) Faith’s Phylogenetic diversity.
Differentially abundant sOTU(s) positively associated with no-PZQ treatment on (D) skin and (E) digesta samples (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001).
samples rarified at 5,000 and 10,000 reads. Higher sampling
depth resulted in fewer samples being compared, but the trends
remain the same indicating that 1000 reads is sufficient for
comparisons while enabling the highest number of samples
to be compared (Supplementary Figure S4). Body sites were
independently compared across all samples for both alpha and
beta diversity using richness, Faith’s Phylogenetic Diversity,
Unweighted UniFrac and Weighted UniFrac (Figure 4).
Gill microbial richness differed across species (P < 0.0001,
KW = 34.65, n = 166) with richness being lowest in SBT compared
to MKL (P < 0.0001) and YTK (P < 0.01) (Figure 4A). Gill
phylogenetic diversity exhibited the same pattern (P < 0.0001,
KW = 42.85, n = 166) with SBT having lower diversity than MKL
(P < 0.0001) and YTK (P < 0.0001) (Figure 4B). Skin microbial
diversity was also significantly different across species for richness
(P < 0.0001, KW = 59.64, n = 146) and phylogenetic diversity
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FIGURE 4 | Cross fish species comparison of microbial diversity (rarified to 1000 reads). (A) richness and (B) Faith’s Phylogenetic Diversity across SBT, MKL, and
YLK for three body sites: gill, skin, and digesta. Beta diversity comparisons of fish species MKL and YLK to SBT. Pairwise comparisons of dissimilarity from MKL and
YLK each compared to SBT independent per body site using (C) Unweighted UniFrac distances, and (D) Weighted UniFrac distances (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).
(P < 0.0001, KW = 68.88, n = 146), even more so than gill
microbial diversity (Figures 4A,B). On the skin, for both richness
and phylogenetic diversity, a gradient was observed with SBT
being lowest followed by MKL and then YTK. Digesta richness
and phylogenetic diversity was lower in SBT compared to MKL
(P < 0.0001) while MKL was also lower than YTK (P < 0.001)
(Figure 4A). For phylogenetic diversity, SBT was lower than MKL
(P < 0.0001) for all body sites and lower than YTK for both gill
and skin but not digesta (P < 0.0001) (Figure 4B).
Beta diversity was assessed using Unweighted UniFrac, which
gives rare taxa an equal weight, and Weighted UniFrac, which
weights taxa based on their relative abundance in the sample.
For each unique body site (gill, skin, and digesta), all SBT
samples were compared to MKL and YTK samples rarified at
1000 reads. For Unweighted UniFrac, there was no significant
difference in microbial diversity in the gill (Figure 4C) whereas
for skin, distances to SBT were lower for MKL than YTK
(Mann-Whitney P < 0.0001, U = 633804). Digesta distances
of YTK and SBT were lower as compared to MKL (Mann-
Whitney P < 0.0001, U = 789291) (Figure 4C). For Weighted
UniFrac, distances of all three body sites of MKL to SBT were
lower than YTK (gill: Mann-Whitney P < 0.0001, U = 341508,
difference = 0.080; skin: Mann-Whitney P < 0.0001, U = 395081,
difference = 0.135; digesta: Mann-Whitney P < 0.0001,
U = 1704289, difference = 0.063) (Figure 4D).
DISCUSSION
Parasite infections cause significant economic complications in
marine aquaculture systems, particularly in high value species
such as tuna (Shinn et al., 2015). In this study we set out
to describe how the fish mucosal microbiome is associated
by parasitic infection and treatment with praziquantel (PZQ)
across three body sites including the gill, skin, and digesta
of Southern Bluefin Tuna (SBT). Results indicate that the
microbiome composition is most explained by body site location,
followed by geographic location (company) and lastly PZQ
treatment. The microbiomes at each body site were associated
with company and PZQ treatment, but were not associated with
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blood fluke infection (measured as the number of adult blood
flukes in the heart, or parasitic egg density in the gills). Lastly,
in a meta-analysis, we show that mackerel may have a more
similar microbial community to tuna. Since both can be infected
by the same parasite and also have a similar microbiome, we
suggest the feasibility of using a mackerel as a model for SBT
for understanding mucosal microbiome community dynamics.
Further experiments would be needed to validate the model. Our
findings indicate that husbandry practices, including geographic
location, influence the mucosal microbiomes of ranched SBT,
and that parasite infection may not have a significant impact on
fish microbiomes.
Microbiome Composition of Body Sites
Our overall DNA sequencing success rate was rather low
for a typical microbiome study (gill = 35.4%, skin = 50.8%,
digesta = 58.5%) and we attribute this to either poor field
preservation or that the samples were too low of biomass. In the
field, we used 95% ethanol to preserve samples, and although 95%
ethanol was shown to best preserve the microbiome community
for field collection in human stool samples, it can also inhibit
particular steps of molecular assays including DNA extraction
and PCR, and we would instead recommend further optimization
of this preservation method in the future for fish or instead
use cryopreservation, e.g., dry ice (Kemp et al., 2006; Demeke
and Jenkins, 2010; Song et al., 2016). A second explanation is
that the samples were low biomass meaning there was very few
microbial cells. Since we used column cleanups, it’s likely that
our limit of detection was between 50,000 and 100,000 cells,
thus if a sample had less than this it would potentially fail
sequencing. To improve this, we recommend using magnetic
bead cleanup methods in the future (Minich et al., 2018b). Since
95% ethanol has been shown to work successfully for storage
of RNA viral samples (Minich et al., 2020a), its most likely that
sample dropout in this particular study was likely due to low
biomass of the samples.
Sample type was the strongest predictor of the microbiome
in the dataset. Mucosal environments of fish, including the
gill, skin, and gut, are inhabited by commensal microbial
communities which can have both negative and positive impacts
on fish health (Gomez et al., 2013; Beck and Peatman, 2015).
Recent advances in genomics methods including transcriptomics,
microbiome, and proteomics have enabled the characterization
and monitoring of these communities in relation to host
response and environmental changes (Salinas and Magadán,
2017). Although the anterior kidney is an important organ for
immune function (Abelli et al., 1994; Fänge, 1994; Watts et al.,
2003; Geven and Klaren, 2017), only four of the 65 samples had
detectable microbial DNA. We would expect anterior kidneys
to generally lack a microbial community except in cases of
systemic infection. In comparison, gill, skin, and digesta samples
had a much higher success rate, indicating a rich microbial
community. While various studies have focused on fish body
site microbiomes independently (primarily gut followed by skin
and gill), few have evaluated the cumulative microbiome across
multiple body sites for individual fish (Ghanbari et al., 2015;
Larsen et al., 2015; Pratte et al., 2018; Minich et al., 2019a, 2020c).
Our study highlights how amongst SBT body sites, gills have a
high microbial diversity which was not as pronounced in the
other fish species (relative to body sites within that species).
Gill microbial communities in fish are understudied but have
been shown to be influenced by host diet, (Pratte et al., 2018)
and environmental conditions such as suspended sediment (Hess
et al., 2015). Gill and skin communities, however, were generally
more similar and stable as compared to the gut communities
in SBT. This stability has also been shown in Pacific chub
mackerel, Scomber japonicus (Minich et al., 2019a). Gill and skin
communities were primarily enriched in Proteobacteria, while
gut communities had higher proportions of Mycoplasmatales
within the Tenericutes phylum and Brevinematales within the
Spirochaetes phylum. Gill and skin samples were enriched in
various sOTUs within Pseudomonadales and Vibrionales both
of which can be a source of potential pathogens and thus
important to study further for health monitoring (Williams et al.,
1974; Austin, 2005). Mycoplasma are a common marine microbe
associated with fish guts (Llewellyn et al., 2016). While many host
associated genera within Spirochaetes are intestinal pathogens
including Treponema, Borrelia, Leptospira, and Brachyspira, little
is known about the order Brevinematales (Bellgard et al., 2009;
Gupta et al., 2013). Fish mucosal environments including the
gill, skin, and digesta can also be influenced by the rearing
condition and surrounding environment including the water
(Minich et al., 2020c).
Influence of Location or Company on
Mucosal Microbiome
When analyzing body sites independently, skin and digesta
samples were significantly differentiated by the location of
rearing (company). While it is probable that the five companies
sampled utilized varying animal husbandry approaches
(including diet) which could influence the host-associated
microbial communities, it is equally likely that the pontoon
location had an effect. Depth of ocean floor has been shown
to positively reduce parasite infection rates in SBT as the
sediment and intermediate host, the polychaete Longicarpus
modestus, is further away from the fish and current velocities
are higher (Cribb et al., 2011; Kirchhoff et al., 2011). Sediment
is known to impact microbial communities of the water
column, so it is likely this would additionally impact the fish
microbiome (Hess et al., 2015). Another possible explanation for
a company effect would be that biofouling on farming structures
could differ based on location in the ocean and net cleaning
frequency. Although it is not known if elevated biofouling
leads to increased microbial diversity in fish, it is possible that
exposure to different microbes could be greater. During pontoon
aquaculture, many benthic organisms at the larval stage will
settle on the pen infrastructure, utilizing nutrients from fish
feces and excess feed. Many of these organisms are common
benthic invertebrates and have been shown to negatively impact
aquaculture by consuming oxygen, reducing water flow in
the pens, and harboring microbes which can be pathogenic
(Cronin et al., 1999; Fitridge et al., 2012; Madin and Ching,
2015). Biofouling communities may change depending on
Frontiers in Microbiology | www.frontiersin.org 11 August 2020 | Volume 11 | Article 2015
fmicb-11-02015 August 24, 2020 Time: 11:27 # 12
Minich et al. Southern Bluefin Tuna Mucosal Microbiome
geospatial location of the pontoons which may experience
varying oceanographic conditions including currents, wind,
and upwelling.
Our study identified Pseudoalteromonas, Psychrobacter, and
Vibrio as representing the most abundant genera across the
body sites. In culture based studies, Vibrio, Photobacterium,
Pseudoaltermonas, Tenacibaculum, and Flavobacteria have all
been isolated from the gills of SBT (Valdenegro-Vega et al.,
2013). Prominent SBT skin microbial genera identified included
Pseudoalteromonas, Vibrio, Acinetobacter, Psychrobacter,
and Mycoplasmataceae. Skin microbes including Vibrio,
Clostridium, Enterobacter, Klebsiella, and Proteus isolated
from other tunas have previously been shown to be important
for causing decomposition through histamine production
(Yoshinaga and Frank, 1982).
Praziquantel Impacts on the SBT
Microbiome
Treatment of PZQ had a moderate effect on microbial
communities in SBT. When comparing alpha diversity, digesta
samples decreased in richness, Shannon, and Faith’s phylogenetic
diversity in fish treated with PZQ. When comparing beta
diversity, Unweighted UniFrac distances in gill and digesta
samples were associated with PZQ treatment which may suggest
that rare taxa were more influenced by PZQ. For Weighted
UniFrac, only gill and skin samples were influenced, indicating
that more abundant microbial taxa were impacted by PZQ
treatment. Children successfully cured of schistosomiasis with
PZQ had higher Fusobacterium bacteria abundances in the
gut microbiome compared to infected children who were not
successfully cured (Schneeberger et al., 2018). The associations
were not strong compared to other factors, but suggests that
PZQ has an impact on the human gut microbiome which
could be extrapolated to fish. A caveat of this study is that
only one company did not use PZQ thus the effect seen could
also be confounded by husbandry differences between these
companies. It is also possible that microbes in the gut may
metabolize PZQ rendering it less effective or even toxic to the host
(Vázquez-Baeza et al., 2018).
Parasite – Microbiome Interactome
To the best of our knowledge, this is the first study to investigate
the impact of blood fluke infection on the mucosal microbiome
of a marine fish. However, no significant associations were
observed between the microbiome and blood fluke prevalence
or intensity in SBT. Hypothetically, parasitic infections can
influence the microbial communities of their hosts either
directly through grazing or indirectly by promoting secondary
infections post trauma. In Atlantic salmon, parasitic copepod
sea lice, Lepeophtheirus salmonis, infections were associated
with decreased bacterial richness and dysbiosis of the skin
microbiome (Llewellyn et al., 2017). In freshwater barramundi
farms, parasitic ciliate abundance was associated with changes
in the gill microbiome and mortalities (Bastos Gomes et al.,
2019). Despite a relatively low incidence of infection in this
study, the results suggest that blood fluke infection does
not impact the microbiome. Initial studies on blood fluke
densities in ranched SBT show that infected fish have on
average 27 flukes per fish (Aiken et al., 2006). The median
in this study was one blood fluke per fish with a maximum
of six, therefore the infection intensity was low compared to
previous reports.
Modeling Future SBT Mucosal
Microbiome and Parasitome Research
Our study demonstrated that Pacific chub mackerel (MKL),
Scomber japonicus, has a similar gill, skin, and digesta mucosal
microbiome to SBT and thus is a putative candidate model
organism to study the parasitome and mucosal microbiome.
Previous studies have shown that platyhelminth parasites are
distributed across multiple tuna hosts (Aiken et al., 2007).
Further, Caridcola infections occur in other Scombrid species
along with other fish families (Nolan et al., 2014). Scomber
japonicus has been shown to be successfully treated for skin fluke
infections with PZQ (Yamamoto et al., 2011). For microbiome
comparisons, digesta samples analyzed by Unweighted UniFrac
and alpha measures showed yellowtail kingfish (YTK) was
more similar to SBT. Since YTK and SBT are both tertiary
carnivores and, in this study, both are farmed, their diet
is generally more rich in fish protein than MKL which
are small pelagic secondary consumers (Agusa et al., 2007;
Hajeb et al., 2010). This association of diet and high trophic
level corresponding with low diversity was first observed in
mammals, and may also be conserved to some extent in
fish (Ley et al., 2008a,b). However, when relative abundance
(compositional) measurements are included in the analysis,
all MKL body sites were more similar to SBT, which could
suggest evidence of phylosymbiosis for highly abundant taxa.
For microbiome studies, a link has been demonstrated within
plants and animals to suggest that phylogenetically related
hosts retain more similar microbiomes (Pollock et al., 2018;
Ross et al., 2019; Lim and Bordenstein, 2020). While most of
these studies have focused on the gut microbiome, additional
body sites have recapitulated this relationship in the skin
(Chiarello et al., 2018) but not gills for fish and amphibians.
Our study demonstrates how gill, skin, and gut communities of
the SBT were more similar to a genetically similar fish within
the same family.
Since the MKL microbiome is similar to SBT, it provides
an opportunity to explore developing MKL as a model for
future SBT research. One of the challenges with marine finfish
aquaculture is performing replicated experiments, including
disease challenges, that are not feasible to do in a production
setting (Salama and Rabe, 2013). Mackerel is an ideal species
for aquaculture research as they are globally distributed, not
threatened, easy to catch, inexpensive, small, and easy to
culture in tanks.
CONCLUSION
Our findings demonstrate that Southern Bluefin Tuna harbor
a unique microbiome in each body site. The SBT microbiome
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is influenced by pontoon location and, to a lesser extent,
treatment with the antihelminth therapeutic, praziquantel.
No association between blood fluke infection and the
microbiome was identified. It is possible, however, that infection
intensity was not sufficient or sample size not adequate to
identify a relationship. In addition, we showed genetically
similar fish (Scombrids) have a more similar microbial
community across multiple body sites including gill, skin,
and digesta, suggesting possible phylosymbiosis. Based on
this finding, the exploration of Pacific chub mackerel as a
candidate model organism for studying the microbiome and
potential parasitome of SBT is proposed. Tuna are highly
valued, and present significant challenges for conducting
controlled experiments due to their size and physiology. Future
work employing a smaller, highly accessible relative could
enable greater gains in research and ultimately, enhanced
aquaculture productivity.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online
repositories (Qiita ID 11721, ERP2664334). The names of the
repository/repositories and accession number(s) can be found in
the article/Supplementary Material.
ETHICS STATEMENT
Ethical review and approval was not required for the animal
study because all animals were harvested and euthanized as
part of the standard harvest by aquaculture company personnel
in accordance with standards established by the Australian
Southern Bluefin Tuna Association. Microbiome samples
were opportunistically obtained from individual specimens
post-euthanization.
AUTHOR CONTRIBUTIONS
JM, BN, NB, and EA contributed to the conception and
design of the study. JM collected microbiome samples in the
field, performed DNA extractions and microbiome processing,
analyzed the data, and wrote the first draft of the manuscript.
CP performed the analyses on gill egg density and heart fluke
counts. MM contributed to analysis and visualization. All authors
contributed to the manuscript revision, and read and approved
the submitted version.
FUNDING
This work was supported by an Australia Academy of Sciences
Australia-America Ph.D. Research Internship Program award
to JM, National Science Foundation grant OCE-1837116 to
EA, NIEHS grant P01-ES021921 to EA, and Field work was
financially supported by the Fisheries Research and Development
Corporation grant (FRDC 2017-241) to NB, on behalf of the
Australian government.
ACKNOWLEDGMENTS
We thank the University of Tasmania for hosting JM and
Royal Melbourne Institute of Technology (RMIT) for enabling
sample processing. The Australian Southern Bluefin Tuna
Industry Association are acknowledged for hosting the team in
Port Lincoln, providing support for the collection of samples,
including visits to commercial SBT ranching pontoons.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.02015/full#supplementary-material
REFERENCES
Abelli, L., Romano, N., and Mastrolia, L. (1994). Histology of Developing Thymus
in Sea Bass Dicentrarchus labrax (L.). Available online at: https://iris.unife.it/
handle/11392/463600#.XnFhBL97mjQ (accessed March 17, 2020).
Agusa, T., Kunito, T., Sudaryanto, A., Monirith, I., Kan-Atireklap, S., Iwata, H.,
et al. (2007). Exposure assessment for trace elements from consumption of
marine fish in Southeast Asia. Environ. Pollut. 145, 766–777. doi: 10.1016/j.
envpol.2006.04.034
Aiken, H. M., Bott, N. J., Mladineo, I., Montero, F. E., Nowak, B. F., and Hayward,
C. J. (2007). Molecular evidence for cosmopolitan distribution of platyhelminth
parasites of tunas (Thunnus spp.). Fish Fish. 8, 167–180. doi: 10.1111/j.1467-
2679.2007.00248.x
Aiken, H. M., Hayward, C. J., and Nowak, B. F. (2006). An epizootic and its
decline of a blood fluke, Cardicola forsteri, in farmed southern bluefin tuna,
Thunnus maccoyii. Aquaculture 254, 40–45. doi: 10.1016/j.aquaculture.2005.
10.013
Amir, A., McDonald, D., Navas-Molina, J. A., Kopylova, E., Morton, J. T., Xu, Z.,
et al. (2017). Deblur rapidly resolves single-nucleotide community sequence
patterns. mSystems 2:e00191-16. doi: 10.1128/mSystems.00191-16
Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of
variance. Aust. Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x
Austin, B. (2005). “Bacterial pathogens of marine fish,” in Oceans and Health:
Pathogens in the Marine Environment, eds S. Belkin and R. R. Colwell (Boston,
MA: Springer US), 391–413. doi: 10.1007/0-387-23709-7_17
Balli, J., Mladineo, I., Shirakashi, S., and Nowak, B. F. (2016). “Chapter 11 – diseases
in tuna aquaculture,” in Advances in Tuna Aquaculture, eds D. D. Benetti,
G. J. Partridge, and A. Buentello (San Diego, CA: Academic Press), 253–272.
doi: 10.1016/B978-0-12-411459-3.00008-4
Bass, D., Stentiford, G. D., Wang, H.-C., Koskella, B., and Tyler, C. R. (2019).
The pathobiome in animal and plant diseases. Trends Ecol. Evol. 34, 996–1008.
doi: 10.1016/j.tree.2019.07.012
Bastos Gomes, G., Hutson, K. S., Domingos, J. A., Infante Villamil, S., Huerlimann,
R., Miller, T. L., et al. (2019). Parasitic protozoan interactions with bacterial
microbiome in a tropical fish farm. Aquaculture 502, 196–201. doi: 10.1016/j.
aquaculture.2018.12.037
Beck, B. H., and Peatman, E. (2015). Mucosal Health in Aquaculture. Cambridge,
MA: Academic Press.
Bellgard, M. I., Wanchanthuek, P., La, T., Ryan, K., Moolhuijzen, P., Albertyn,
Z., et al. (2009). Genome sequence of the pathogenic intestinal spirochete
Frontiers in Microbiology | www.frontiersin.org 13 August 2020 | Volume 11 | Article 2015
fmicb-11-02015 August 24, 2020 Time: 11:27 # 14
Minich et al. Southern Bluefin Tuna Mucosal Microbiome
Brachyspira hyodysenteriae reveals adaptations to its lifestyle in the porcine large
intestine. PLoS One 4:e4641. doi: 10.1371/journal.pone.0004641
Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B
(Methodological) 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x
Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-
Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi:
10.1038/s41587-019-0209-9
Boxaspen, K. (2006). A review of the biology and genetics of sea lice. ICES J. Mar.
Sci. 63, 1304–1316. doi: 10.1016/j.icesjms.2006.04.017
Brooks, J. P., Edwards, D. J., Harwich, M. D., Rivera, M. C., Fettweis, J. M.,
Serrano, M. G., et al. (2015). The truth about metagenomics: quantifying and
counteracting bias in 16S rRNA studies. BMC Microbiol. 15:66. doi: 10.1186/
s12866-015-0351-6
Bullard, S. A., and Overstreet, R. M. (2002). “Potential pathological effects of Blood
Flukes (Digenea:Sanguinicolidae) on pen-reared marine fishes,” in Proceedings
of the Gulf and Caribbean Fisheries Institute, 53, 10–25. Available online at:
http://aquaticcommons.org/id/eprint/13459
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer,
N., et al. (2012). Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.
2012.8
Chiarello, M., Auguet, J.-C., Bettarel, Y., Bouvier, C., Claverie, T., Graham,
N. A. J., et al. (2018). Skin microbiome of coral reef fish is highly variable and
driven by host phylogeny and diet. Microbiome 6:147. doi: 10.1186/s40168-018-
0530-4
Collette, B., and Nauen, C. E. (1983). Scombrids of the World. An Annotated
and Illustrated Catalogue of Tunas, Mackerels, Bonitos and Related Species
Known to Date. FAO Fish. Synopsis, Vol. 125. New York, NY: United Nations
Development Programme, 1–137.
Collette, B. B., Reeb, C., and Block, B. A. (2001). “Systematics of the tunas and
mackerels (Scombridae),” in Fish Physiology Tuna: Physiology, Ecology, and
Evolution, eds B.A. Block and E.D. Stevens (San Diego, CA: Academic Press),
1–33. doi: 10.1016/S1546-5098(01)19002-3
Colquitt, S. E., Munday, B. L., and Daintith, M. (2001). Pathological findings in
southern bluefin tuna, Thunnus maccoyii (Castelnau), infected with Cardicola
forsteri (Cribb, Daintith & Munday, 2000) (Digenea: Sanguinicolidae), a blood
fluke. J. Fish Dis. 24, 225–229. doi: 10.1046/j.1365-2761.2001.00289.x
Cribb, T. H., Adlard, R. D., Hayward, C. J., Bott, N. J., Ellis, D., Evans, D., et al.
(2011). The life cycle of Cardicola forsteri (Trematoda: Aporocotylidae), a
pathogen of ranched southern bluefin tuna, Thunnus maccoyi. Int. J. Parasitol.
41, 861–870. doi: 10.1016/j.ijpara.2011.03.011
Cribb, T. H., Daintith, M., and Munday, B. (2000). A new blood-fluke, Cardicola
forsteri, (Digenea: Sanguinicolidae) of southern blue-fin tuna (Thunnus
maccoyii) in aquaculture. Trans. R. Soc. South Aust. 124, 117–120.
Cronin, E. R., Cheshire, A. C., Clarke, S. M., and Melville, A. J. (1999). An
investigation into the composition, biomass and oxygen budget of the fouling
community on a tuna aquaculture farm. Biofouling 13, 279–299. doi: 10.1080/
08927019909378386
Demeke, T., and Jenkins, G. R. (2010). Influence of DNA extraction methods,
PCR inhibitors and quantification methods on real-time PCR assay of
biotechnology-derived traits. Anal. Bioanal. Chem. 396, 1977–1990. doi: 10.
1007/s00216-009-3150-9
EconSearch, BDO (2019). The Economic Contribution of Aquaculture in the South
Australian State and Regional Economies, 2017/18. A Report to PIRSA Fisheries
and Aquaculture. Adelaide, SA: BDO EconSearch.
Eisenhofer, R., Minich, J. J., Marotz, C., Cooper, A., Knight, R., and Weyrich, L. S.
(2018). Contamination in low microbial biomass microbiome studies: issues
and recommendations. Trends Microbiol. 27, 105–117. doi: 10.1016/j.tim.2018.
11.003
Ellis, D., and Kiessling, I. (2016). “Chapter 9 – ranching of southern bluefin
tuna in Australia,” in Advances in Tuna Aquaculture, eds D. D. Benetti, G. J.
Partridge, and A. Buentello (San Diego, CA: Academic Press), 217–232. doi:
10.1016/B978-0-12-411459-3.00010-2
Faith, D. P. (1992). Conservation evaluation and phylogenetic diversity. Biol.
Conserv. 61, 1–10. doi: 10.1016/0006-3207(92)91201-3
Fänge, R. (1994). Blood cells, haemopoiesis and lymphomyeloid tissues in fish. Fish
Shellfish Immunol. 4, 405–411. doi: 10.1006/fsim.1994.1036
Fitridge, I., Dempster, T., Guenther, J., and de Nys, R. (2012). The impact and
control of biofouling in marine aquaculture: a review. Biofouling 28, 649–669.
doi: 10.1080/08927014.2012.700478
Fouhy, F., Clooney, A. G., Stanton, C., Claesson, M. J., and Cotter, P. D. (2016).
16S rRNA gene sequencing of mock microbial populations- impact of DNA
extraction method, primer choice and sequencing platform. BMC Microbiol.
16:123. doi: 10.1186/s12866-016-0738-z
François, N. R. L., Jobling, M., and Carter, C. (2010). Finfish Aquaculture
Diversification. Wallingford: CABI.
Froese, R. (2006). Cube law, condition factor and weight–length relationships:
history, meta-analysis and recommendations. J. Appl. Ichthyol. 22, 241–253.
doi: 10.1111/j.1439-0426.2006.00805.x
Fulton, T. (1904). “The rate of growth of fishes,” in Twenty-Second Annual Report.
Part III, Edinburgh: Fisheries Board of Scotland, 141–241.
Geen, G., and Nayar, M. (1989). Individual Transferable Quotas and the Southern
Bluefin Tuna Fishery: Economic Impact. Available online at: http://agris.fao.org/
agris-search/search.do?recordID=XF2015019997 (accessed March 12, 2020).
Geven, E. J. W., and Klaren, P. H. M. (2017). The teleost head kidney: integrating
thyroid and immune signalling. Dev. Comp. Immunol. 66, 73–83. doi: 10.1016/
j.dci.2016.06.025
Ghanbari, M., Kneifel, W., and Domig, K. J. (2015). A new view of the fish
gut microbiome: advances from next-generation sequencing. Aquaculture 448,
464–475. doi: 10.1016/j.aquaculture.2015.06.033
Gomez, D., Sunyer, J. O., and Salinas, I. (2013). The mucosal immune system
of fish: the evolution of tolerating commensals while fighting pathogens. Fish
Shellfish Immunol. 35, 1729–1739. doi: 10.1016/j.fsi.2013.09.032
Gonzalez, A., Navas-Molina, J. A., Kosciolek, T., McDonald, D., Vázquez-Baeza,
Y., Ackermann, G., et al. (2018). Qiita: rapid, web-enabled microbiome meta-
analysis. Nat. Methods 15, 796–798. doi: 10.1038/s41592-018-0141-9
Gupta, R. S., Mahmood, S., and Adeolu, M. (2013). A phylogenomic and molecular
signature based approach for characterization of the phylum Spirochaetes and
its major clades: proposal for a taxonomic revision of the phylum. Front.
Microbiol. 4:217. doi: 10.3389/fmicb.2013.00217
Hajeb, P., Jinap, S., and Ahmad, I. (2010). Biomagnifications of mercury and
methylmercury in tuna and mackerel. Environ. Monit. Assess. 171, 205–217.
doi: 10.1007/s10661-009-1272-3
Hardy-Smith, P., Ellis, D., Humphrey, J., Evans, M., Evans, D., Rough, K., et al.
(2012). In vitro and in vivo efficacy of anthelmintic compounds against blood
fluke (Cardicola forsteri). Aquaculture 33, 39–44. doi: 10.1016/j.aquaculture.
2011.12.037
Hess, S., Wenger, A. S., Ainsworth, T. D., and Rummer, J. L. (2015). Exposure
of clownfish larvae to suspended sediment levels found on the great barrier
reef: impacts on gill structure and microbiome. Sci. Rep. 5:10561. doi: 10.1038/
srep10561
Ishimaru, K., Mine, R., Shirakashi, S., Kaneko, E., Kubono, K., Okada, T., et al.
(2013). Praziquantel treatment against Cardicola blood flukes: determination
of the minimal effective dose and pharmacokinetics in juvenile Pacific bluefin
tuna. Aquaculture 40, 24–27. doi: 10.1016/j.aquaculture.2013.03.013
Jiang, L., Amir, A., Morton, J. T., Heller, R., Arias-Castro, E., and Knight, R. (2017).
Discrete false-discovery rate improves identification of differentially abundant
microbes. mSystems 2:e00092-17. doi: 10.1128/mSystems.00092-17
Kelly, C., and Salinas, I. (2017). Under pressure: interactions between commensal
microbiota and the teleost immune system. Front. Immunol. 8:559. doi: 10.
3389/fimmu.2017.00559
Kemp, B. M., Monroe, C., and Smith, D. G. (2006). Repeat silica extraction: a simple
technique for the removal of PCR inhibitors from DNA extracts. J. Arch. Sci. 33,
1680–1689. doi: 10.1016/j.jas.2006.02.015
Kirchhoff, N. T., Rough, K. M., and Nowak, B. F. (2011). Moving cages further
offshore: effects on southern bluefin tuna, T. maccoyii, parasites, health and
performance. PLoS One 6:e23705. doi: 10.1371/journal.pone.0023705
Knight, R., Vrbanac, A., Taylor, B. C., Aksenov, A., Callewaert, C., Debelius, J.,
et al. (2018). Best practices for analysing microbiomes. Nat. Rev. Microbiol. 16,
410–422. doi: 10.1038/s41579-018-0029-9
Kruskal, W. H., and Wallis, W. A. (1952). Use of ranks in one-criterion variance
analysis. J. Am. Stat. Assoc. 47, 583–621. doi: 10.1080/01621459.1952.10483441
Frontiers in Microbiology | www.frontiersin.org 14 August 2020 | Volume 11 | Article 2015
fmicb-11-02015 August 24, 2020 Time: 11:27 # 15
Minich et al. Southern Bluefin Tuna Mucosal Microbiome
Kumon, M., Iida, T., Fukuda, Y., Arimoto, M., and Shimizu, K. (2002). Blood fluke
promotes mortality of yellowtail caused [Seriola quinqueradiata] by Lactococcus
garvieae. Fish Pathol. (Japan) 37, 201–203. doi: 10.3147/jsfp.37.201
Larsen, A. M., Bullard, S. A., Womble, M., and Arias, C. R. (2015). Community
structure of skin microbiome of Gulf Killifish, Fundulus grandis, is driven by
seasonality and not exposure to oiled sediments in a louisiana salt marsh.
Microb. Ecol. 70, 534–544. doi: 10.1007/s00248-015-0578-7
Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., Bircher,
J. S., et al. (2008a). Evolution of mammals and their gut microbes. Science 320,
1647–1651. doi: 10.1126/science.1155725
Ley, R. E., Lozupone, C. A., Hamady, M., Knight, R., and Gordon, J. I. (2008b).
Worlds within worlds: evolution of the vertebrate gut microbiota. Nat. Rev.
Microbiol. 6, 776–788. doi: 10.1038/nrmicro1978
Lhorente, J. P., Gallardo, J. A., Villanueva, B., Carabaño, M. J., and Neira,
R. (2014). Disease resistance in Atlantic Salmon (Salmo salar): coinfection
of the intracellular bacterial pathogen Piscirickettsia salmonis and the sea
louse Caligus rogercresseyi. PLoS One 9:e95397. doi: 10.1371/journal.pone.009
5397
Li, R. W., Li, W., Sun, J., Yu, P., Baldwin, R. L., and Urban, J. F. (2016). The effect of
helminth infection on the microbial composition and structure of the caprine
abomasal microbiome. Sci. Rep. 6:20606. doi: 10.1038/srep20606
Lim, S. J., and Bordenstein, S. R. (2020). An introduction to phylosymbiosis. Proc.
R. Soc. B Biol. Sci. 287:20192900. doi: 10.1098/rspb.2019.2900
Llewellyn, M. S., Leadbeater, S., Garcia, C., Sylvain, F.-E., Custodio, M., Ang, K. P.,
et al. (2017). Parasitism perturbs the mucosal microbiome of Atlantic salmon.
Sci. Rep. 7:43465. doi: 10.1038/srep43465
Llewellyn, M. S., McGinnity, P., Dionne, M., Letourneau, J., Thonier, F., Carvalho,
G. R., et al. (2016). The biogeography of the atlantic salmon (Salmo salar) gut
microbiome. ISME J. 10, 1280–1284. doi: 10.1038/ismej.2015.189
Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for
comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235.
doi: 10.1128/AEM.71.12.8228-8235.2005
Lozupone, C., Lladser, M. E., Knights, D., Stombaugh, J., and Knight, R. (2010).
UniFrac: an effective distance metric for microbial community comparison.
ISME J. 5, 169–172. doi: 10.1038/ismej.2010.133
Macfadyen, G. (2016). Study of the Global Estimate of the Value of Tuna Fisheries—
Phase 3 Report. Lymington: Poseidon Aquatic Resource Management.
Madin, J., and Ching, C. V. (2015). “Biofouling challenge and management
methods in marine aquaculture,” in Aquaculture Ecosystems, eds S. Mustafa and
R. Shapawiin (Hoboken, NJ: John Wiley & Sons, Ltd), 107–138. doi: 10.1002/
9781118778531.ch4
Mann, H. B., and Whitney, D. R. (1947). On a test of whether one of two random
variables is stochastically larger than the other. Ann. Math. Stat. 18, 50–60.
doi: 10.1214/aoms/1177730491
McDonald, D., Hyde, E., Debelius, J. W., Morton, J. T., Gonzalez, A., Ackermann,
G., et al. (2018). American gut: an open platform for citizen science microbiome
research. mSystems 3:e00031-18. doi: 10.1128/mSystems.00031-18
McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z.,
Probst, A., et al. (2012). An improved greengenes taxonomy with explicit ranks
for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6,
610–618. doi: 10.1038/ismej.2011.139
Minich, J. J., Ali, F., Marotz, C., Belda-Ferre, P., Shaffer, J. P., Carpenter, C. S.,
et al. (2020a). Feasibility of SARS-CoV-2 virus detection from consumer-grade
cotton swabs. medRxiv [Preprint]. doi: 10.1101/2020.05.12.20073577
Minich, J. J., Humphrey, G., Benitez, R. A. S., Sanders, J., Swafford, A., Allen,
E. E., et al. (2018a). High-throughput miniaturized 16S rRNA amplicon library
preparation reduces costs while preserving microbiome integrity. mSystems
3:e00166-18. doi: 10.1128/mSystems.00166-18
Minich, J. J., Petrus, S., Michael, J. D., Michael, T. P., Knight, R., and Allen,
E. E. (2019a). Temporal, environmental, and biological drivers of the mucosal
microbiome in a wild marine fish, Scomber japonicus. bioRxiv [Preprint]. doi:
10.1101/721555
Minich, J. J., Petrus, S., Michael, J. D., Michael, T. P., Knight, R., and Allen,
E. E. (2020b). Temporal, environmental, and biological drivers of the mucosal
microbiome in a wild marine fish, Scomber japonicus. mSphere 5:e00401-20.
doi: 10.1128/mSphere.00401-20
Minich, J. J., Poore, G. D., Jantawongsri, K., Johnston, C., Bowie, K., Bowman, J.,
et al. (2020c). Microbial ecology of Atlantic salmon, Salmo salar, hatcheries:
impacts of the built environment on fish mucosal microbiota. Appl. Environ.
Microbiol. 86:e00411-20. doi: 10.1128/AEM.00411-20
Minich, J. J., Sanders, J. G., Amir, A., Humphrey, G., Gilbert, J. A., and
Knight, R. (2019b). Quantifying and understanding well-to-well contamination
in microbiome research. mSystems 4:e00186-19. doi: 10.1128/mSystems.
00186-19
Minich, J. J., Zhu, Q., Janssen, S., Hendrickson, R., Amir, A., Vetter, R., et al.
(2018b). KatharoSeq enables high-throughput microbiome analysis from low-
biomass samples. mSystems 3:e00218-17. doi: 10.1128/mSystems.00218-17
Nolan, M. J., Miller, T. L., Cutmore, S. C., Cantacessi, C., and Cribb, T. H. (2014).
Cardicola beveridgei n. sp. (Digenea: Aporocotylidae) from the mangrove jack,
Lutjanus argentimaculatus (Perciformes: Lutjanidae), and C. bullardi n. sp.
from the Australian spotted mackerel, Scomberomorus munroi (Perciformes:
Scombridae), from the northern Great Barrier Reef. Parasitol. Int. 63, 735–745.
doi: 10.1016/j.parint.2014.06.006
Novak, C. W., Lewis, D. L., Collicutt, B., Verkaik, K., and Barker, D. E. (2016).
Investigations on the role of the salmon louse, Lepeophtheirus salmonis
(Caligidae), as a vector in the transmission of Aeromonas salmonicida subsp.
salmonicida. J. Fish Dis. 39, 1165–1178. doi: 10.1111/jfd.12449
Nowak, B. F. (2007). Parasitic diseases in marine cage culture – an example of
experimental evolution of parasites? Int. J. Parasitol. 37, 581–588. doi: 10.1016/
j.ijpara.2007.01.003
Nowak, B. F., Rough, K., Ellis, D., Crane, M., Cameron, A., and Clarke, S. (2003).
A Risk Assessment of Factors Influencing the Health of Southern Bluefin Tuna.
Available online at: http://ecite.utas.edu.au/28324 (accessed March 12, 2020).
Parada, A. E., Needham, D. M., and Fuhrman, J. A. (2016). Every base matters:
assessing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ. Microbiol. 18,
1403–1414. doi: 10.1111/1462-2920.13023
Pollock, F. J., McMinds, R., Smith, S., Bourne, D. G., Willis, B. L., Medina,
M., et al. (2018). Coral-associated bacteria demonstrate phylosymbiosis and
cophylogeny. Nat. Commun. 9:4921. doi: 10.1038/s41467-018-07275-x
Power, C., Webber, C., Rough, K., Staunton, R., Nowak, B. F., and Bott, N. J. (2019).
The effect of different treatment strategies on Cardicola spp. (Trematoda:
Aporocotylidae) infection in ranched Southern Bluefin Tuna (Thunnus
maccoyii) from Port Lincoln, South Australia. Aquaculture 513:734401. doi:
10.1016/j.aquaculture.2019.734401
Pratte, Z. A., Besson, M., Hollman, R. D., and Stewart, F. J. (2018). The gills of
reef fish support a distinct microbiome influenced by host-specific factors. Appl.
Environ. Microbiol. 84:e00063-18. doi: 10.1128/AEM.00063-18
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219
Ross, A. A., Rodrigues Hoffmann, A., and Neufeld, J. D. (2019). The skin
microbiome of vertebrates. Microbiome 7:79. doi: 10.1186/s40168-019-0694-6
Salama, N. K. G., and Rabe, B. (2013). Developing models for investigating the
environmental transmission of disease-causing agents within open-cage salmon
aquaculture. Aqua. Environ. Interact. 4, 91–115. doi: 10.3354/aei00077
Salinas, I., and Magadán, S. (2017). Omics in fish mucosal immunity. Dev. Comp.
Immunol. 75, 99–108. doi: 10.1016/j.dci.2017.02.010
Schneeberger, P. H. H., Coulibaly, J. T., Panic, G., Daubenberger, C., Gueuning, M.,
Frey, J. E., et al. (2018). Investigations on the interplays between Schistosoma
mansoni, praziquantel and the gut microbiome. Parasit. Vectors 11:168. doi:
10.1186/s13071-018-2739-2
Serventy, D. L. (1956). The southern bluefin tuna, Thunnus thynnus maccoyii
(Castelnau), in Australian Waters. Mar. Freshwater Res. 7, 1–43. doi: 10.1071/
mf9560001
Shannon, C. E. (1948). A mathematical theory of communication. Bell Syst. Tech.
J. 27, 379–423. doi: 10.1002/j.1538-7305.1948.tb01338.x
Shinn, A. P., Pratoomyot, J., Bron, J. E., Paladini, G., Brooker, E. E., and Brooker,
A. J. (2015). Economic costs of protistan and metazoan parasites to global
mariculture. Parasitology 142, 196–270. doi: 10.1017/S0031182014001437
Shirakashi, S., Andrews, M., Kishimoto, Y., Ishimaru, K., Okada, T., Sawada, Y.,
et al. (2012a). Oral treatment of praziquantel as an effective control measure
against blood fluke infection in Pacific bluefin tuna (Thunnus orientalis).
Aquaculture 32, 15–19. doi: 10.1016/j.aquaculture.2011.10.035
Shirakashi, S., Kishimoto, Y., Kinami, R., Katano, H., Ishimaru, K., Murata, O.,
et al. (2012b). Morphology and distribution of blood fluke eggs and associated
Frontiers in Microbiology | www.frontiersin.org 15 August 2020 | Volume 11 | Article 2015
fmicb-11-02015 August 24, 2020 Time: 11:27 # 16
Minich et al. Southern Bluefin Tuna Mucosal Microbiome
pathology in the gills of cultured Pacific bluefin tuna, Thunnus orientalis.
Parasitol. Int. 61, 242–249. doi: 10.1016/j.parint.2011.10.002
Song, S. J., Amir, A., Metcalf, J. L., Amato, K. R., Xu, Z. Z., Humphrey, G., et al.
(2016). Preservation methods differ in fecal microbiome stability, affecting
suitability for field studies. mSystems 1:e00021-16. doi: 10.1128/mSystems.
00021-16
Swart, B. L., von der Heyden, S., Bester-van der Merwe, A., and Roodt-Wilding,
R. (2015). Molecular systematics and biogeography of the circumglobally
distributed genus Seriola (Pisces: Carangidae). Mol. Phylogenet. Evol. 93, 274–
280. doi: 10.1016/j.ympev.2015.08.002
Thompson, L. R., Sanders, J. G., McDonald, D., Amir, A., Ladau, J., Locey,
K. J., et al. (2017). A communal catalogue reveals Earth’s multiscale microbial
diversity. Nature 551, 457–463. doi: 10.1038/nature24621
Valdenegro-Vega, V., Naeem, S., Carson, J., Bowman, J. P., del Real, J. L. T., and
Nowak, B. (2013). Culturable microbiota of ranched southern bluefin tuna
(Thunnus maccoyii Castelnau). J. Appl. Microbiol. 115, 923–932. doi: 10.1111/
jam.12286
Vázquez-Baeza, Y., Callewaert, C., Debelius, J., Hyde, E., Marotz, C., Morton,
J. T., et al. (2018). Impacts of the human gut microbiome on therapeutics.
Annu. Rev. Pharmacol. Toxicol. 58, 253–270. doi: 10.1146/annurev-pharmtox-
042017-031849
Vogtmann, E., Chen, J., Kibriya, M. G., Chen, Y., Islam, T., Eunes, M.,
et al. (2017). Comparison of fecal collection methods for microbiota studies
in Bangladesh. Appl. Environ. Microbiol. 83:e00361-17. doi: 10.1128/AEM.
00361-17
Walters, W., Hyde, E. R., Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada,
A., et al. (2016). Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal
internal transcribed spacer marker gene primers for microbial community
surveys. mSystems 1:e00009-15. doi: 10.1128/mSystems.00009-15
Watts, M., Kato, K., Munday, B. L., and Burke, C. M. (2003). Ontogeny of immune
system organs in northern bluefin tuna (Thunnus orientalis, Temminck
and Schlegel 1844). Aqua. Res. 34, 13–21. doi: 10.1046/j.1365-2109.2003.
00779.x
Whittaker, R. H. (1972). Evolution and measurement of species diversity. Taxon 21,
213–251. doi: 10.2307/1218190
Williams, E. H., Phelps, R. P., Gaines, J. L., and Bunkley, L. F. (1974). Gram-
negative pathogenic bacteria of some fishes before and after cage culture.
Proceedings of the Annual Meeting – World Mariculture Society. J. World
Aquacult. Soc. 5, 283–289. doi: 10.1111/j.1749-7345.1974.tb00196.x
Xu, Z. Z., Amir, A., Sanders, J., Zhu, Q., Morton, J. T., Bletz, M. C., et al. (2019).
Calour: an interactive, microbe-centric analysis tool. mSystems 4:e00269-18.
doi: 10.1128/mSystems.00269-18
Yamamoto, S., Shirakashi, S., Morimoto, S., Ishimaru, K., and Murata, O. (2011).
Efficacy of oral praziquantel treatment against the skin fluke infection of
cultured chub mackerel, Scomber japonicus. Aquaculture 319, 53–57. doi: 10.
1016/j.aquaculture.2011.06.045
Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014).
The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks.
Nucleic Acids Res. 42, D643–D648. doi: 10.1093/nar/gkt1209
Yoshinaga, D. H., and Frank, H. A. (1982). Histamine-producing bacteria in
decomposing skipjack tuna (Katsuwonus pelamis). Appl. Environ. Microbiol. 44,
447–452. doi: 10.1128/aem.44.2.447-452.1982
Conflict of Interest: KR and CW were both employed by ASBTIA.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2020 Minich, Power, Melanson, Knight, Webber, Rough, Bott, Nowak
and Allen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 16 August 2020 | Volume 11 | Article 2015
